The low ionization energy of an A site molecule is a very important factor, which determines the thermodynamical stability of APbI 3 hybrid halide perovskites, while the size of the molecule governs the stable phase at room temperature and, eventually, the bandgap. It is challenging to achieve both a low ionization energy and the reasonable size for the PbI 3 cage to circumvent the stability issue inherent to hybrid halide perovskites. Here we propose a new three-membered charged ring radical, which demonstrates a low ionization energy that renders a good stability for its corresponding perovskite and a reasonable cation size that translates into a suitable bandgap for the photovoltaic application. We use ab initio calculations to evaluate a polymorphism of the crystal structure of the proposed halide hybrid perovskite, its stability and electronic properties in comparison to the mainstream perovskites, such as the methylammonium and formamidinium lead iodide. Our results highlight the importance of van der Waals interactions for predicting a correct polymorphism of the perovskite vs hexagonal crystal structure.
Introduction
During the past ten years, halide hybrid perovskites increasingly catch researchers attentions as the absorber layers in photovoltaics. [1] [2] [3] [4] [5] Favorable electronic properties and a low-cost fabrication method give halide hybrid perovskites an advantage over the traditional silicon.
One drawback of halide hybrid perovskites is their instability. The halide hybrid perovskites easily decompose under the influence of high temperature, oxygen, water, and even UV light. [6] [7] [8] Zhang et al. 9 pointed out that the instability of methylammonium (MA) lead iodide is intrinsic due to the similar total energies of the reactant and products obtained from the density-functional theory (DFT) calculation. To commercialize the hybrid halide perovskite photovoltaics, the stability issue should be resolved.
Many different ways are proposed to stabilize the perovskite structure. Some methods involved engineering of suitable device architectures, such as changing from a liquid electrolyte to a solid hole transport material. For the representative MA lead iodide CH 3 NH 3 PbI 3 based solar cells, the lifetime of hybrid halide perovskites increases from 10 minutes 10 up to 1000 of MA are typically much larger in size than MA. For example, the guanidinium radical C(NH 2 ) 3 and tetramethylammonium radical (CH 3 ) 4 N show low ionization energies. The radii of these cations are 278 and 320 pm, respectively, vs 217 pm for MA that precludes formation of the perovskite structure in the lead iodide framework.
14 Kieslich et al. 15 proposed nitrogen-based cations, which were not used in perovskites before. From this group, an azetidinium radical (CH 2 ) 3 NH 2 is promising due to its compact structure. This four-membered ring cation is larger than MA radical, but slightly smaller than the formamidinium radical HC(NH 2 ) 2 . Recently, the azetidinium lead iodide (CH 2 ) 3 NH 2 PbI 3 was successfully synthesized. 16 The crystal structure of quasicubic (CH 2 ) 3 NH 2 PbI 3 is shown in Fig. 1b . Pering et al. 16 reported that (CH 2 ) 3 NH 2 PbI 3 demonstrates a very good stability when soaked in water in contrast to the MA lead iodide CH 3 NH 3 PbI 3 . This observation correlates with the ionization energy of the (CH 2 ) 3 NH 2 radical being 0.4 eV below that of MA.
Interestingly, there are also three-membered rings, 17 of which the aziridinium radical (CH 2 ) 2 NH 2 is a promising candidate to be used as the organic cation at A site of hybrid halide perovskites. Figure 1a illustrates a proposed quasicubic phase of (CH 2 ) 2 NH 2 PbI 3 .
This three-membered ring cation is only slightly larger than MA. As we will show below, the ionization energy of (CH 2 ) 2 NH 2 is also much lower than that of MA. 
where r mass is the distance between the centre of mass of the molecule and the atom with the largest distance to the centre of mass (excluding hydrogen atoms) and r ion is the corresponding ionic radius of this atom. The effective radii of three-and four-membered ring cations are listed in Table 1 along the side with the representative organic and inorganic cations. The size of cyclic cations is between that of MA and formamidinium. The cation effective radii are used to evaluate the Goldschmidt's tolerance factor t for APbI 3 perovskite structures ( Table 1 ). The tolerance factor of (CH 2 ) 3 NH 2 PbI 3 is too large to form a cubic or tetragonal structure (t > 0.96 38 ). Pering et al. 16 reported the experimental band gap of (CH 2 ) 3 NH 2 PbI 3 which is about 2.15 eV. If the structure of (CH 2 ) 3 NH 2 PbI 3 was tetragonal or cubic, one would expect its band gap to be less than that of CH 3 NH 3 PbI 3 (E g < 1.6 eV) due to a greater volume of the unit cell. The high experimental value of E g can be attributed to a different crystal structure of (CH 2 ) 3 NH 2 PbI 3 . For instance, theoretical calculations predict E g ≈ 2.6 eV for CH 3 NH 3 PbI 3 in a hexagonal phase. 39 Similarly, HC(NH 2 ) 2 PbI 3 undergoes cubic to hexagonal phase transition at room temperature that is associated with an optical bleaching due to opening of the band gap.
40,41
According to our earlier study, 14 the radical ionization energy at A site has an effect on the final reaction enthalpy of hybrid halide perovskites. The lower ionization energy, the more stable is the structure. The ionization energies of corresponding organic cations are presented in Table. To investigate the stability of (CH 2 ) 2 NH 2 PbI 3 , we use the following decomposition reac-tion equation
and the corresponding enthalpy
The total energies E tot of products and the reactant are evaluated using DFT. If the total energy of the products is lower than the total energy of the reactant, the perovskite structure is deemed unstable. 9 This approach ignores finite temperature components of the free energy, which is of the order of −0.1 eV for CH 3 NH 3 PbI 3 .
44
As a benchmark, we analyzed the stability and polymorphism of CH 3 NH 3 PbI 3 . Among various polymorphs, we include a possibility for a hexagonal phase, since perovskite structures with large cations (t > 0.96) have a tendency to adapt a hexagonal phase. PBE is first used as the exchange-correlation functional. Results listed in Table 2 suggest that the hexagonal structure of CH 3 NH 3 PbI 3 has the lowest total energy at 0 K. This finding contradicts experimental data, [45] [46] [47] according to which the tetragonal CH 3 NH 3 PbI 3 phase will undergo phase transformation to cubic structure above 327.4 K. The tetragonal CH 3 NH 3 PbI 3 phase will transform to the orthorhombic structure below 162.2 K. During the whole polymorphism transformation of CH 3 NH 3 PbI 3 , there is no hexagonal structure present. Recently, a theorybased study reported similar controversial results on the hexagonal CH 3 NH 3 PbI 3 to have the lowest total energy and predicted it is the stable low-temperature phase. 39 However, we are inclined to think that the hexagonal phase of CH 3 NH 3 PbI 3 is probably a methastable phase.
It is the choice of the exchange-correlation functional that is a possible reason for DFT failure to accurately predict the correct polymorphism transformation order of CH 3 NH 3 PbI 3 .
Thus, different exchange-correlation functionals are employed to evaluate the polymorphism transformation of CH 3 NH 3 PbI 3 (see in Fig. 3 ). their results showed that the hexagonal phase still has the lowest total energy among all the phases, which contradicts our results. We suspect that the reason for discrepancy can be a suboptimal structure of the orthorhombic phase used by Thind et al. 39 .
Since van der Waals effects are important for the polymorphism of CH 3 NH 3 PbI 3 , the The origin of the energy scale is set at the lowest energy structure for each computational technique used.
same can be extended for other types of hybrid halide perovskites. Thus we focus on results obtained with PBE+vdW(D3) exchange-correlation functional in the remaining part of the paper. (Table 2) .
Moreover, Tenuta et al. 44 indicated that the degradation of APbI 3 perovskites in the moist environment is governed by the solubility of a AI salt. The saturation concentration c s of AI in the solvent exponentially depends on the reaction enthalpy given by Eq. (3).
Considering a low reaction enthalpy of (CH 2 ) 3 NH 2 PbI 3 , its decomposition via solvation of (CH 2 ) 3 NH 2 I in water will be hindered. This prediction is consistent with the very low solubility of (CH 2 ) 3 NH 2 I and the exceptional moisture stability of (CH 2 ) 3 NH 2 PbI 3 .
16
As we will see below, the band gap of (CH 2 ) 2 NH 2 PbI 3 is sensitive to its structure. For the photovoltaic application of this material, it is crucial that its structure adapts a cubic phase at the room temperature. As we discussed at the beginning of this section, the geometrical factors play an important role in formability of perovskites. Nagabhushana et al. 52 showed the Goldschmidt's tolerance factors of CH 3 NH 3 PbI 3 and CH 3 NH 3 PbBr 3 are 0.91 and 0.93, respectively. The CH 3 NH 3 PbBr 3 prefers cubic structure at the room temperature. 45, 46 It is suggested that MA is a relatively small cation for the PbI 3 framework, which results in a tetragonal phase at room temperature rather than the cubic one. Also, it seems that the HC(NH 2 ) 2 cation is too big for the PbI 3 framework to stay as a cubic phase around room temperature. The combination of MA cation and PbBr 3 framework is optimal to form a cubic phase with the tolerance factor of 0.93. (see Fig. 4 ). From Fig. 4 , energy difference between cubic and hexagonal structures of (CH 2 ) 2 NH 2 PbI 3 is 67 meV, which is close to the energy difference of 68 meV between cubic and orthorhombic structures of CH 3 NH 3 PbCl 3 . The tetragonal CH 3 NH 3 PbCl 3 transitions to a cubic phase at 190 K. We expect (CH 2 ) 2 NH 2 PbI 3 to have the similar transition behavior and to adapt the cubic phase above 190 K.
Electronic properties of (CH 2 ) 2 NH 2 PbI 3
Till now, we found that the (CH 2 ) 2 NH 2 radical has a very low ionization energy and a similar Goldschmidt's tolerance factor as CH 3 NH 3 PbBr 3 . Based that, the (CH 2 ) 2 NH 2 PbI 3 perovskite solar cells should be more stable than CH 3 NH 3 PbI 3 and HC(NH 2 ) 2 PbI 3 . The key question remained unanswered is whether the proposed perovskite structure can serve as a solar cell absorber material? Here we report the band gap for the hypothetical (CH 2 ) 2 NH 2 PbI 3 obtained on the framework of GW approximation taking into account relativistic effects.
It is known that bandgap is sensitive to the structural properties. The choice of a suitable exchange-correlation functional is determined by its ability to accurately predict the Table 3 .
We found that the PBE+vdW(D3), PBEsol, and SCAN exchange-correlation functionals can provide a reasonable prediction for the lattice constants. Here, we continue to use PBE+vdW(D3) optimized perovskite structures in order to remain consistent with the section on stability calculations. Results for bandgaps obtained using PBE+vdW(D3) exchangecorrelation functional with and without SOC effect are shown in Table 4 .
It is well known that DFT calculations with SOC grossly underestimates the bandgap of perovskites. 57 In Table 4 , the calculated bandgaps with PBE+vdW(D3)+SOC are approximately 1 eV lower than the result without SOC. Bandgaps increase from cubic phase to hexagonal phase. Polymorphs of (CH 2 ) 3 NH 2 PbI 3 demonstrate the largest bandgaps among the four perovskites studied here. Bandgaps of different phases of (CH 2 ) 2 NH 2 PbI 3 lies between CH 3 NH 3 PbI 3 and HC(NH 2 ) 2 PbI 3 . It is obvious that hexagonal phases show much large bandgaps than perovskite phases. Thus, the hexagonal phase around room temperature is not desirable when aiming at photovoltaic applications. Figure 5 shows a relativistic band structure of quasicubic (CH 2 ) 2 NH 2 PbI 3 . The fundamental band gap is near R-point of the Brillouin zone. The presence of a Rashba splitting is noticeable at the vicinity of the band extrema, however its magnitude is heavily reduced (Table 5) . Next, we carried out a partially self-consistent calculation by performing 4 iterations of G only (referred to as GW 0 ). The single-shot G 0 W 0 method gave the best match of bandgaps with the experimental values ( 
Conclusions
In this paper, we proposed a three-membered cyclic organic cation based halide hybrid perovskite (CH 2 ) 2 NH 2 PbI 3 which has a potential to be used as the absorber material for photo- 
